INTRODUCTION
Since the introduction of indirect calorimetry, it has been recognized that the relative consumption of 0, and production of CO, give an indication of the substrates for oxidative metabolism. Carbohydrates, when oxidized completely to CO, and H 2 0 , produce CO, and consume 0, in the ratio 1.Ol.Q the 'respiratory quotient' for carbohydrate oxidation (CO, production/O, consumption) is thus 1.0. For fats the value is around 0.71, and for amino acids it is around 0.81; the exact values depend on the exact substrates and have been reviewed by many authors (e.g. [l-31). Knowledge of two rates, those of CO, production (VCO,) and 0, consumption (VO,), does not provide sufficient information to calculate the rates of oxidation of three substrates, so one further piece of information is needed. It is assumed that the total urinary nitrogen excretion rate reflects the rate of amino acid oxidation. Thus, the VCO, and Vo, for protein oxidation can be calculated and subtracted from the total, and the remainder can be partitioned between fat and carbohydrate oxidation. In practice, equations for calculating these rates directly from Vco,, V0, and urinary nitrogen excretion have been published by several authors [ 1, 2, These calculations, when applied to substrate oxidation in the whole body, are relatively robust and the assumptions behind them appear sound in most situations. They depend upon the fact that humans excrete little in the way of energycontaining products of metabolism (other than urea); almost all energy is ultimately generated by complete oxidation of carbohydrate, fat and amino acids. Intermediate processes, such as substrate cycling and glycogen synthesis and breakdown, are 'invisible' to indirect calorimetry, except in so far as
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they may require energy which again comes ultimately from complete oxidation of substrates. The rates calculated from gaseous exchange are not strictly those of oxidation: they are net rates of complete utilization. Thus, carbohydrate which is converted to fat is measured as 'carbohydrate utilization', carbohydrate synthesized from amino acids is measured as 'negative carbohydrate utilization', and fat synthesized from carbohydrate or amino acids is measured as 'negative fat utilization'. The rates measured are 'net' in that there may be concomitant fat oxidation and fat synthesis, but only the algebraic sum of these can be estimated by indirect calorimetry alone [l, 2, 41. Substrates are oxidized in individual tissues, and the concept of 'respiratory quotient' has been applied to the study of tissue metabolism both in uitro and in uiuo (the latter by measurement of arteriovenous differences for CO, and 0,). It is clear that some of the assumptions underlying calculations of substrate oxidation rates may be invalid when applied to individual tissues. With a resurgence of interest in the investigation of tissue metabolism in uiuo by measurement of arteriovenous concentration differences, it seems opportune to review the scope and limitations of 'tissue indirect calorimetry' or the assessment of substrate oxidation in tissues by measurement of CO, production and 0, consumption.
GENERAL PRINCIPLES
The most obvious difference (in this context) between the metabolism of a tissue and that of the whole body is that the assumption of a 'closed system' is no longer valid. Tissues do not oxidize all substrates completely so that only CO, and water leave them. Even tissues with a predominantly oxidative metabolism are involved in exchange of amino acids. The problems which might be caused by substrate exchange are illustrated by the case of lactate and pyruvate exchange with the blood. Suppose a tissue takes up pyruvate and releases lactate. (Skeletal muscle may do this after an overnight fast [5-71.) Reducing equivalents have been used, which might otherwise have been passed to an acceptor (e.g. 0, itself). This represents sparing of 0, consumption, or, in effect, negative use of 0,. While this is obvious for 'redox couples' such as lactate and pyruvate and the ketone bodies, 3-hydroxybutyrate (3-OHB) and acetoacetate (AcAc), it is less obvious, for instance, for interconversions of amino acids, which may still involve changes of redox state. The purpose of this review is not to list all such possible redox-related interconversions, but rather to point to those which may be of quantitative significance and to illustrate ways of dealing with these situations. The emphasis will be on muscle and adipose tissue, as the tissues with which the authors have had most experience. Brain, kidney and 'superficial tissues' (mainly skin and adipose tissue) would be open to similar treatment, although liver would present more complex problems.
It should be noted that arteriovenous difference measurements give information only on net exchanges across tissues, and not on unidirectional fluxes. The same is true of calculations of substrate utilization by indirect calorimetry: only net utilization of substrates can be assessed. This point will be made again at a number of points in the following discussions.
TECHNICAL CONSIDERATIONS IN THE MEASURE-MENT OF GAS EXCHANGE ACROSS TISSUES
The measurements required are of 'content' (total concentration) rather than partial pressure as measured by the electrodes of most blood gas analysers. Classically, blood gas contents have been measured by volumetric or manometric techniques, such as the van Slyke apparatus [8] . In principle, all CO, is displaced from the blood by the addition of acid, and 0, is liberated with ferricyanide; these gases are then sequentially reabsorbed (e.g. into NaOH and sodium dithionite solutions, respectively), and the pressure changes (at constant volume) are measured. These techniques require considerable skill and are not commonly used nowadays. They are still regarded, however. as the reference methods. Fortunately, less technically demanding methods are becoming available, but these should not be accepted without validation against the reference techniques.
Carbon dioxide
CO, is carried in the blood in three major forms: in solution (around 5%), as bicarbonate (around 90"/,) and bound to haemoglobin (as carbaminohaemoglobin, 5-6X) [9] . Measurement of partial pressure of CO, (Pco,) alone is thus not sufficient. The total plasma CO, content can be calculated by the Henderson-Hasselbalch equation from the PCO, and pH, measured by blood gas analysers. However, since the carbamino component is affected by the 0, saturation, it will change during passage through tissues and must be taken into account. A formula has been derived for calculation of total blood CO, content from plasma CO, content, haemoglobin content and 0, saturation [lo] . This has been validated over a wide range of values of pH, 0, saturation and haemoglobin content. The total CO, content of blood is only measured directly by methods involving acid-displacement of all CO,. This may be done in the van Slyke apparatus (described above) or a simpler manometric system [I I]. Some analytical instruments work on this principle. The CO, may be measured in a thermal conductivity cell, as in the Corning 965 Total CO, Analyzer (Ciba Corning Diagnostics Ltd, Halstead, Essex, U.K.). This instrument has been used with whole blood [12] , although it is intended for use on serum or plasma (and according to the manufacturers has found its greatest use in the brewing industry). The Beckman Astra CO, Chemistry Module also works by acid-displacement of CO,, which is then measured by a pH electrode. This instrument is intended for use with serum or plasma and we are not aware of any attempt to use it with whole blood. Oxygen 0, is carried both free in solution and bound to haemoglobin (around 98% of the total). Blood gas analysers measure the partial pressure of 0, ( Po,). i.e. the dissolved O,, and (inaccurately) the haemoglobin concentration; the percentage saturation of haemoglobin is then calculated from an assumed normal 0, dissociation curve. Since I g of haemoglobin combines with 1.34 ml of 0, when fully saturated, the amount of 0, bound to haemoglobin can be calculated. Thus, the total 0 , content is calculated according to a formula such as: 0, content [ml (STPD)/100 ml of blood]
where S is the percentage saturation of haemoglobin. [Hb] is the haemoglobin concentration (g/IOO ml), L I is the solubility coefficient for 0, in whole blood [0.0031 ml (STPD) of 0, 100 ml ' of blood mmHg at 37"C] and PO, is the partial pressure of 0, in mmHg [9] . The second term represents the (small amount of) dissolved 0,. Such a calculation using data provided by a blood gas analyser is likely to be inaccurate. A more accurate method is to measure the total haemoglobin and the oxyhaemoglobin spectrophotometrically, in a co-oximeter. (Such instruments are considerably cheaper than blood gas analysers.) This will give an accurate measure of oxygen saturation, from which content can be calculated. The small dissolved component can be either measured in a separate blood gas analyser (which may be linked to the co-oximeter), or calculated from an assumed normal 0, dissociation curve and added to give a true content, using a formula such as that given in [13]. The necessity for correction for the dissolved component depends upon whether it changes significantly (in comparison with the haemoglobin-bound component) during passage through tissues. In order to test this, we compared 0, contents calculated with and without such a correction ( Table 1) . A straightforward calculation from 0, saturation will consistently underestimate arteriovenous differences for 0,. The underestimation is small in the case of tissues such as forearm which extract a large proportion of the 0, passing through (around 50%), but more significant for adipose tissue in which the 0, extraction is less.
Instruments for direct measurement of oxygen content are available, in particular the Lex-0,-Con (Lexington Instruments Corp., Waltham, MA, U.S.A.). This works on the principle of displacement of all 0, with a carrier gas (N, containing CO) and measurement of the displaced 0, in an electrolytic cell. It has been validated against the van Slyke technique over a wide range of values of 0, content [14-161. The cycle time of the instrument is relatively long (approximately 6 min), but it has been shown that if a small number of samples from one animal/subject are analysed with the Lex-0,-Con to provide 'correction factors' then the content of other samples can be calculated accurately from values of Pco,, PO, and pH [17].
Arterial blood
In order to avoid the significant morbidity associated with arterial puncture, many investigators have adopted the use of 'arterialized venous' blood as a substitute for true arterial blood in metabolic studies. The technique for arterialization by warming the hand was described many decades ago [18] and has been validated for a number of metabolites (reviewed in [19] ). However, it does not give accurate values for arterial PO, [20] . Since the 0, dissociation curve is relatively flat at high P o , values, the effect on 0, content may not be as great as the effect on PO, might suggest, but typical values for the 0, saturation (which is almost directly proportional to content) in arterialized blood are 93-96% [21, 221, compared with around 97% in true arterial blood. In studies of forearm metabolism the venous blood 0, saturation is usually less than SO%, in which case the small under-estimation of 0, extraction is unlikely to be important. In other tissues this may not be true. The venous drainage from subcutaneous adipose tissue has an 0, saturation typically around 85-90% and a considerable underestimation of 0, extraction could thus result from the uncritical use of arterialized blood. In any study using arterialized blood, the 0, saturation should be checked as some subjects do not 'arterialize well' [23].
Perhaps strangely, the effect of imperfect arterialization on substrates and metabolites other than 0, appears to be less marked. PCO, values and bicarbonate concentrations in arterialized blood, for instance, are closer to true arterial values than are those for PO, [20, 221, and concentrations of other substrates may be insignificantly different even with 0, saturations averaging below 93% [22] . Presumably the tissues perfused by imperfectly arterialized blood consume a little of several different substrates and release their CO, indirectly (e.g. as partial oxidation products such as pyruvate; see below).
REDOX CHANGES ACROSS TISSUES, PARTIAL OXIDATIONS AND OXIDATION OF SUBSTRATES OTHER THAN GLUCOSE AND FATTY ACIDS
As discussed earlier, at the level of individual tissues substrates may not be completely oxidized to CO, and H,O. The 'conventional' formulae for calculation of carbohydrate and fat oxidation from gaseous exchange [4] are not then applicable. In this section, some possible interfering systems will be discussed in detail. Their importance will differ from tissue to tissue and from experimental situation to experimental situation. The aim of this section is to outline the general principles involved, so that the necessity for corrections to gaseous exchange can be assessed in individual cases.
These systems may be complex in terms of 'absolute' fluxes, but relatively simple in terms of 'net' fluxes. For instance, in muscle, lactate and pyruvate may be interconverted, and each might be oxidized; liberation of each from the tissue would represent a net balance between production in glycolysis, formation by interconversion and utilization. A number of authors have shown that, in the calculation of both substrate 'utilization' (i.e. complete disappearance) rates and energy production rates in the whole body, indirect calorimetry can only assess 'net' rates and is unaffected by intermediary processes [I, 241. (It has been pointed out that this property in effect results from the indestructibility of carbon, hydrogen and oxygen atoms [24] .) This intuitively reasonable approach also applies at the level of tissue exchange, as shown in the Appendix in the case of glucose, lactate and pyruvate.
Glucose, lactate, pyruvate and alanine
The lactate to pyruvate ratio in blood increases during passage through forearm muscle [25] . If this represented uptake of pyruvate and conversion to lactate, it would involve the use of reducing equivalents. A correction would therefore have to be applied to the measured 0, consumption. On the other hand, if the ratio increases solely because lactate is released from glycolysis, then it is irrelevant to gas exchange. Some tissues take up and oxidize lactate and pyruvate in a net sense (e.g. heart). The effect of this on the calculation of substrate oxidation must also be assessed.
Consider first the conversion of glucose, taken up from the blood, to lactate, released into the blood, with the overall equation:
No 0, exchange is involved; the substances are at the same 'redox level'. (On the other hand, ATP is generated and ultimately heat is produced. The divergence between energy production and 0 , consumption at the tissue level will be discussed again later.) Lactate production in this way has no effect on the calculations under consideration. In considering that proportion of glucose available for oxidation, it can be allowed for by measurement of lactate release.
However, the conversion of glucose to pyruvate represents a partial oxidation:
For each mol of glucose converted to, and released as, pyruvate, 1 mol of 0 , is used. This is different from the usual stoichiometry of glucose oxidation.
Other possible interconnected pathways are uptake of either lactate or pyruvate followed by interconversion or by complete oxidation. None of these can be distinguished; only the net conversion of glucose or lactate to pyruvate is important (see the Appendix). One problem arises which cannot be rigorously dealt with, however; both forearm and adipose tissue show greater release of alanine than of pyruvate. Alanine may be formed by intracellular transamination of pyruvate, and is at the same 'redox level' as pyruvate. Estimates of the proportion of alanine formed in this way vary, from nearly 100% in rodent muscle in oitro [26] , around 80% in post-absorptive man (in the whole body) [27] , and around 70% for release from the human forearm [28] . Initially here, it will be assumed that all alanine is formed from, and thus equivalent to, pyruvate.
The following terms will be used. G is glucose uptake, L is the net release of lactate (negative if lactate is taken up); {PA} is the net (pyruvate and alanine) release, i.e. the algebraic sum of the net release of pyruvate and alanine (where the pyruvate component may be negative if pyruvate is taken up). The units may be those of flux, e.g. nmol min-' 100 ml-' tissue, or simply those of concentration difference across the tissue, e.g. pmol/l.
Then the following can be deduced (see the Appendix). 0.5 {PA} unit of 0, consumption is associated with the partial oxidation of glucose to pyruvate/alanine. The maximum 0, consumption associated with partial and complete oxidation of glucose is 6[G -0.5 (L + (PA})] + 0.5 {PA} units, and the maximum percentage contribution to 0, consumption (simplifying the above) is [6G -3L -2.5 {PA}] x 100/0,. (The term maximum is used, because some of the glucose may be disposed of by non-oxidative pathways such as glycogen synthesis, which will be invisible to the techniques under discussion.) However, the maximum 0, consumption associated with complete oxidation of glucose is 6[G -0.5 ( L + (PA})] units, and the maximum percentage contribution of complete oxidation of glucose to 0, consumption is 6[G -0.5 ( L + {PA})] x 100/0,. Table 2 gives values for the arteriovenous differences of these substrates across forearm and adipose tissue after an overnight fast, together with some sample calculations. It will be seen that the 0, consumption associated with conversion of glucose to pyruvate/alanine is relatively small in these tissues under these conditions. In a study of forearm metabolism after an oral glucose load [6] in which forearm exchanges of pyruvate and alanine were presented, recalculation of the data ( Table 1 of that paper) again shows the 0, consumption associated with conversion to pyruvate/alanine to be small (approximately 2%). It should be noted again that these conclusions are dependent upon the assumption made about the source of alanine, although the examples given represent the largest possible correction. No CO, exchange is involved in the conversion of glucose to pyruvate/alanine. No correction to total CO, production is therefore necessary (see the Appendix).
Ketone bodies
Like lactate and pyruvate, the ketone bodies 3-OHB and AcAc are interconverted in most tissues by an active NAD +/NADH-linked dehydrogenase, in this case situated within mitochondria. The 'ketone body ratio' (usually taken as 3-OHB concentration/AcAc concentration) in blood may change during passage through tissues. After an overnight fast, for instance, an arterial ratio of 1.74 rose to 2.30 in forearm venous drainage and 2.18 in adipose tissue venous drainage (both significant changes) [25] . Like the lactate/pyruvate system, if this results from interconversion within the tissue, then it represents a sparing of 0, consumption. (After a prolonged fast, for instance, the forearm extracts AcAc but releases 3-OHB [30]). Again, both ketone bodies may also be oxidized in most tissues, although their formation from fatty acids need not be considered except in the liver.
The equations for the interconversion and oxidation are as follows: Some typical values for forearm and adipose tissue after overnight fast are given in Table 2 . For the forearm, the 0, consumption associated with ketone body oxidation is 233 pmol/l, or about 8% of the total tissue 0, consumption. For adipose tissue, the value is 92 pmol/l, or about 13% of the total.
Acetate is not a ketone body, but it is also present in blood even after an overnight fast and it is taken up by peripheral tissues [5, 251. Assuming complete oxidation, the associated 0, consumption and CO, production are as follows:
The 0, consumption (molar terms) is thus twice the acetate uptake, as is the CO, production.
Again using values from [5] (Table 2) , the 0, consumption associated with acetate uptake after an overnight fast is: forearm, 88 pmol/l or 3% of total; adipose tissue, 28 pmol/l or 4% of the total. The associated CO, production will be the same in molar terms.
Citrate and other intermediary metabolites
Citrate is produced continuously by skeletal muscle [7] . Citrate production will be used here to illustrate the exchange of substances which cannot be allowed for rigorously without a knowledge of their route of metabolism. Natali et al. [7] suggest that citrate arises from fatty acid oxidation, via acetyl-CoA formation and hence citrate synthesis at a rate which exceeds the capacity of the tricarboxylate cycle. In principle, acetyl-CoA for citrate synthesis might arise either from fatty acids or from glucose (via pyruvate). In either case, 1 mol of oxaloacetate is used per mol of citrate formed. The oxaloacetate must be reformed, either from transamination of aspartate (which must itself then be reformed) or carboxylation of pyruvate, with differing consequences on gaseous exchange. In the intuitively reasonable case of acetyl-CoA formation from fatty acids, oxaloacetate from pyruvate carboxylation, the overall net exchanges are 1.5 mol of 0, and 1 mol of CO, used per citrate formed. (The detailed pathways are not listed here.) The magnitude of the corrections is not large (using data from [7] , around l.5'X of total VO, and VCO,). However, this does illustrate potential pitfalls in tissue as opposed to whole-body indirect calorimetry: such cases cannot be treated rigorously without a knowledge of the pathway involved.
Summary of this section
Some important intermediary metabolites are interconverted in peripheral tissues via oxidation/ reduction reactions. These interconversions are associated with O2 use or sparing, and their magnitude should be assessed to determine whether correction of the gas exchange is necessary. In addition, other substrates such as acetate (and ethanol, under appropriate circumstances) are extracted from blood; the associated 0, consumption and CO, production may be calculated. It is necessary to assess these potential contributions to 0, consumption and CO, production in order to calculate the total oxidation of glucose and fat, as described below.
WHAT CAN BE LEARNED FROM MEASUREMENT OF 0 1 EXTRACTION ALONE?
It will be apparent from the earlier section that the measurement of tissue O2 consumption can be made readily using a co-oximeter. Such a measurement alone (in conjunction with measurement of exchange of metabolites) gives a considerable amount of information. Furthermore, the calculations to be described in the following section do not even require measurement of blood flow.
In the overnight fasted state, studies of the relationship between substrate uptake and 0, extraction provide information about the possible respiratory fuels of the tissue. For instance, in the early studies of Andres, Zierler and co-workers [31, 321, the extraction of glucose and 0, and the release of lactate across the forearm were measured. Lactate release was subtracted from glucose uptake (since that proportion of glucose released as lactate was unavailable for oxidation) and the remaining glucose uptake was examined in relation to 0,. (Conversion of glucose to pyruvate/alanine was ignored, although as shown earlier this is not likely to have made a large difference to the conclusions.) It was found that, even if all the glucose taken up from blood was oxidized, it could account (on average) for less than 20% of forearm 0, consumption [31, 321. Such measurements, together with estimates of the respiratory quotient of the forearm, led to the idea that fat was the major fuel for resting muscle after overnight fast. (Glycogen may, of course, also contribute.) Many studies since that time have confirmed the finding that, after an overnight fast, oxidation of glucose taken up from plasma can contribute no more than around one-quarter of 0, consumption in the forearm, e.g. [ 5 , 33, 341 . In subcutaneous adipose tissue, glucose uptake (after subtraction of lactate release) can again account for only about 20-25% of 0, consumption after an overnight fast [S], (see Table 2 for typical examples). Other small molecules whose uptake can be measured and which might be oxidized include acetate and ketone bodies. If they are added to the glucose, less than 40% of the 0, consumption can be accounted for [5] ( Table 2 ). The 'missing fuel' in this case awaits identification, although amino acids, released in net proteolysis, are likely to be important [29] .
In the human brain under normal nutritional conditions, similar arteriovenous difference measurements show that glucose is the normal respiratory fuel. Scheinberg [35] reviewed studies of arteriovenous differences for glucose and O2 in man: glucose uptake was, on average, rather greater than 0, consumption in equivalent terms. The difference was probably accounted for by release of lactate and pyruvate [36] , although this was not so in one study [37] . (Studies of brain metabolism during prolonged fasting will be considered below.)
In other situations, glucose storage in tissues can be unequivocally demonstrated in this way. After ingestion of glucose, or during infusion of insulin, glucose uptake exceeds 0, extraction (expressed in equivalent terms) several-fold in both forearm and adipose tissue. Mottram and Brown [38] , for instance, found a ratio of about 3 (glucose uptake to equivalent 0, uptake units) in the forearm of post-prandial subjects. In other studies a peak ratio of 3 was found for the forearm and 5 for subcutaneous adipose tissue in normal subjects after ingestion of 75 g of glucose, and ratios of about 3 across both tissues during insulin infusion [34, 391 (see also Table 3, below) . These observations must imply the storage of glucose. The form of storage is not, of course, identified by such measurements, although Table 3 . Exchange of 0, glucose and ketone bodies across the human forearm during euglyuemic hyperinsulinaemia.
The studies, in seven healthy subjects, were described by Walker et al.
[a] together with data for glucose and ketone body extraction. 'Low insulin' denotes insulin infusion at 10 munits h-' kg-' (mean plasma insulin concentration about I5 m-units/l); 'high insulin' denotes insulin infusion at 25 munits h-' kg-' (mean plasma insulin concentration about 30 munits/l). In the studies labelled 'MHB', 3 4 H B was infused to raise the blood ketone body concentration ( M H B plus AcAc) to about 450 pmol/l. 'Substrate as % 0,' is the percentage of 0, consumption which could be accounted for by oxidation of all the substrate taken up. In the case of glucose. this has been corrected as described glycogen synthesis is the obvious route in muscle and possibly also in adipose tissue [41] . Under different conditions, ketone bodies and acetate may become more important. For instance, values for the exchange of ketone bodies across the forearm during insulin infusion (with an euglycaemic 'clamp') with and without infusion of exogenous 3-OHB are given in Table 3 , and again illustrate the useful results which can be obtained from measurement of O2 consumption alone. Table 4 gives the now classic data showing the considerable contribution of ketone body oxidation to brain O2 consumption during prolonged fasting. In the case of acetate, a marked increase in arterial level and forearm arteriovenous difference occurs, for instance after ethanol consumption. Taking values from [25], a study of normal subjects given 47.5 g of ethanol, the relatively steady forearm arteriovenous difference for acetate after drinking was about 400 pmol/ I, accounting for an 0, extraction of 800 pmol/l, (14% of the total).
MEASUREMENT OF 'TISSUE RESPIRATORY QUOTIENT' AND SUBSTRATE OXIDATION (NET IRREVERSIBLE UTILIZATION)
Some potentially important reactions which involve O2 and C O , exchange (other than the complete oxidation of carbohydrate and fat) have been considered. If the O2 and CO, equivalents of these processes are subtracted from the total, then the remainder should reflect the complete oxidation (strictly, net irreversible utilization) of carbohydrate, fat and amino acids. In principle, then, the standard equations derived for whole-body indirect calorimetry [l, 2, 41 might be applied. The difficulty in doing this lies in the estimation of protein oxidation. The balance of total a-amino nitrogen is not a satisfactory marker, as this simply reflects the balance between protein synthesis and degradation, processes which do not involve gaseous exchange (except in so far as they require metabolic energy generated from other reactions). There is no completely satisfactory solution to this problem in that there is no one end-product analogous to urinary nitrogen. The branched-chain amino acids may be oxidized in muscle and their amino groups transferred to pyruvate for release as alanine, and to 2-oxoglutarate for release ultimately as glutamine [43] : the branched-chain amino acids are considered to be the major amino acids catabolized by muscle. O2 and COz equivalents for the oxidation of the corresponding branched-chain keto acids are given in Table 5 . Natali et al. [7] addressed this problem for the forearm, assessing probable net amino acid balance from the results of Gelfand and Barrett [MI, and assuming that a proportion of the amino acids (7%) "derived from endogenous proteolysis are completely oxidized". This latter assumption is based on Table 6 . Exchange of O,, ammonia and amino acids across the human thigh at rest and during exercise. The data are taken from Graham et al. [48] . For the resting state they are estimated from figures. Net N out is calculated as ammonia release + alanine release + (glutamine release x 2) -glutamate uptake; the maximal 0, uptake eauivalent to this N eXDOR is 6.5 x N release (see the text and Table 5 
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studies of leucine turnover in the whole body, and its application to muscle must be dubious. Natali et al.
[7] were, however, able to show that inaccuracies in the estimation of forearm protein oxidation were not critical given the relatively imprecise estimates of carbohydrate and fat oxidation which could be derived. The studies of Gelfand and Barrett [44] were made in the overnight fasted state and during local intra-arterial infusion of insulin, and are thus not applicable to other situations. Elia et al. [45] give forearm amino acid balances during and after a mixed meal. Arfvidsson et al. [46] and Lundgren et al. [47] give leg amino acid arteriovenous differences during systemic hyperinsulinaemia. Among the tissues considered in this review, most information is available on amino acid metabolism in muscle, and it is possible to make some generalizations for this tissue. If amino acids are oxidized, then their amino nitrogen must be released in some form. This could be ammonia or amino groups of other amino acids. It has long been recognized that muscle releases glutamine and alanine in proportions greater than their occurrence in protein [28], and that the amino groups of these amino acids (and the amide group of glutamine) may be transporting the nitrogen released from catabolism of other amino acids. Ammonia can also arise from the purine nucleotide cycle, although even in that case it is ultimately derived from aspartate (an amino acid which can, in principle, be completely oxidized in muscle). Graham et al. [48] give values for the exchange of 0,, ammonia and amino acids across the human thigh after overnight fast (at rest) and during exercise ( Table 6 ). In the resting state, ammonia release appears negligible. The net export of amino/amide nitrogen in glutamine and alanine (minus glutamate uptake) is about 50 pmolimin, and the 0, uptake is about 1400 pmol/min. Making for simplicity the extreme assumption that if all this nitrogen export represented complete oxidation of branched-chain amino acids (which require 6.5 pmol of 0, as a weighted average for complete oxidation of their keto acids; see Table 5 ) then they could account for 23% of the resting 0, consumption. A similar calculation during exercise shows that the maximal possible contribution of amino acid oxidation was about 5%. These values will be overestimates for several reasons. First, the branched-chain amino acid carbon 'skeletons' may not be completely oxidized, although the extent to which they contribute to the carbon skeletons of alanine and glutamine is probably minor [49, SO]. Secondly, a proportion of the alanine and glutamine released will have arisen directly from proteolysis. In addition, considerable uncertainty is introduced by the large size of the free amino acid pool in muscle; small changes in the intracellular glutamine pool, for instance, could produce much of the observed glutamine output. As a general conclusion from these examples, it would seem that in the resting, overnight fasted state less (and probably considerably less) than 20% of the 0, consumption of muscle will be accounted for by amino acid oxidation, and during exercise an even lower proportion. Given the imprecision of the estimates of gas exchange discussed by Natali et al. [7] it would probably not be unreasonable to use a standard value of 10% of 0, consumption. Chang and Goldberg [Sl] assessed the contribution of amino acid carbon to oxidation of acetyl groups in rat hemidiaphragm in oitro as around 5Yn of 0, consumption, which would be in keeping with this estimate. The average respiratory quotient for oxidation of the branched-chain keto acids is 0.87 (Table 5) , so the corresponding value for CO, production can be calculated.
For other tissues, less information is available. If appropriate measurements of ammonia and amino acid exchange are made, then it should be possible, following the above example, to place an upper limit on the contribution of amino acid oxidation to 0, consumption and CO, production. An element of guesswork will always be involved, however, unless alternative methods to assess amino acid oxidation can be developed.
Summary of this section
Processes other than the complete oxidation of carbohydrate, fat and amino acids occur at the tissue level. In order to calculate relative rates of carbohydrate and fat oxidation, the 0, and CO, exchange associated with other processes must first be assessed and, if significant, subtracted from total gas exchange. An assessment of the oxidation of amino acids must also be made, and this will involve an element of guesswork. Formulae for making these corrections are given in Table 7 . The remaining 0, and CO, exchange may then be used to give an estimate of the rates of glucose and fat oxidation. Again, formulae are given in Table 7 . (These are derived in the Appendix. Note that the equation for f applies specifically to fatty acid rather than triacylglycerol oxidation, on the basis that glycerol is released rather than oxidized in most peripheral tissues [52] .) The units of c and f will be the same as those of Vo, and Vco, , which must be in molar terms, e.g. nmol min-' 100 ml-' tissue. If Vo, and Vco, are expressed simply as arteriovenous differences (in pnol/l), then c and f will represent p o l of glucose or fatty acid oxidized per litre of blood flow (i.e. this calculation will not require the measurement of blood flow, and will give relative rates of glucose and fatty acid oxidation).
POTENTIAL PITFALLS OF 'TISSUE INDIRECT CALORIMETRY'

Non-steady-rtate situations
In many situations in which tissue substrate oxidation is assessed, it is likely that some perturbation of the system will be introduced, e.g. ingestion of a meal, infusion of a hormone. This leads to the problem of dealing with a non-steady-state. Arteriovenous difference measurements in the non-steadystate are beset with difftculties. It is the authors' experience (and that of many others) that a rising arterial concentration is usually accompanied by apparent uptake in tissues. This artefact (which we presume it to be) arises from two sources. First, there is the finite transit time for blood through tissues. Thus, if arterial and venous blood are sampled simultaneously, the venous blood in fact corresponds to arterial blood at an earlier time. This problem was thoroughly discussed by Zierler [53] , who recommended that non-steady-state measurements should not be made. Elia et al. [54] considered that Zierler [53] had overestimated the transit time through the forearm, and suggested that 1 min was reasonable. However, the second source of the artefact undoubtedly occurs over a longer time, and that is 'saturation' of the interstitial fluid, and possibly, depending on the substrate studied, the intracellular space. (Of course, in one sense this is uptake, but not in the sense of utilization by cells.) This seems to be the only explanation, for instance, for apparent uptake of ethanol into adipose tissue, which has no alcohol dehydrogenase activity, during a rise in the arterial ethanol concentration [25]. In principle, if the arterial concentration then declines, apparent release of the substrate would be seen, but in practice the rate of decline may be slower, so that the apparent release is so slight as to be unmeasurable. One way of overcoming such a problem is to assess areas under concentration-time curves (covering both rise and fall) rather than instantaneous arteriovenous differences [13, 551, although this may obscure information on the time-course of tissue response. These problems will clearly beset 'tissue indirect calorimetry' as much as tissue exchange of other substances, and our recommendation would be that such measurements are best avoided during acutely changing situations.
Acid-base changes and C 0 2 stores
A further potential problem arises for CO, exchange. Unlike O,, for CO, there is a large tissue pool in the form of bicarbonate. Changes in pH, in particular, could lead to release or sequestration of CO, within the bicarbonate pool, which will be seen as 'metabolic' CO, exchange. A rough calculation shows that this is not likely to be a major source of error; it could be checked in a similar way for any tissue. Assuming no buffering (an extreme assumption) one might suppose that for every mol/l rise in blood (and thus tissue) hydrogen ion concentration, 1 mol/l of C 0 2 would be retained. In a study of ethanol ingestion, for instance [25], the arterial hydrogen ion concentration rose by about 6 nmol/l over 60 min. This would then lead to displacement of 6 nmol/l CO, from 'tissue stores', or about 10 pmol min-' 100 ml-'. A typical forearm 0, uptake is about 6 pmol min-' 100 ml-' (and thus CO, production is roughly the same), so this would be an extremely small effect. Alkalosis would produce the reverse of this.
An example of the above pitfalls is given in [12] . The forearm respiratory quotient was found to fall to below 0.7 for a short period after glucose ingestion, at a time when glucose oxidation would have been expected to predominate over fat oxidation. The authors attributed this to a non-steady-state situation in which oxidation of lactate led to a local (intracellular) alkalosis, with transient retention of CO, as bicarbonate.
Indirect calorimetry as applied to tissues
The measurement of substrate oxidation rates is not the true goal of indirect calorimetry, which, by definition, is a method for the calculation of heat production from indirect measurements (i.e. of gas exchange). In this area the problems of tissues as opposed to the whole body become most difficult, and we have chosen not to review it. It is clear that the 'tissue metabolic rate' cannot be calculated in the normal way by knowledge of the caloric equivalents of 0, at different respiratory exchange ratios. Such a calculation would imply that the erythrocyte had zero metabolic rate. Anaerobic glycolysis is but one example of the many processes which might lead to energy release without 0, exchange.
CONCLUSION
The measurement of 0, and CO, exchange across tissue beds in vivo can give considerable information. Useful information results from the comparison of 0, extraction alone with the uptake and release of other metabolites. The assessment of substrate oxidation (or net complete utilization) from 0, and CO, exchange is not so straightforward as it is in the whole body, because many intermediate metabolic processes may involve the use or sparing of oxidizing or reducing equivalents. Measurement of gas exchange must therefore be accompanied by the measurement of uptake and release of other substrates. The relative importance of these other processes will differ according to the tissue under study and the physiological conditions. As a general rule, in examples reviewed in this paper, the uptake of ketone bodies is likely to be significant, and the conversion of glucose to pyruvate/alanine less so. The 0, and CO, equivalents for these other processes, if significant, must be subtracted from the total gas exchange. The 0, and CO, equivalents of amino acid oxidation must also be assessed, and there is at present no entirely satisfactory method for this. The remaining 0, and CO, exchange, and their ratio (the 'tissue respiratory quotient'), can then be interpreted in terms of complete glucose and fat utilization/oxidation. where { is the measured arteriovenous difference.
({PA},el will be negative if there is net {PA} uptake.) Let:
where again L,,, is the measured arteriovenous difference, and L,,, will be negative if there is net L uptake. = 6G -3Ln,, -3{PA}n,1
Therefore the correction to be applied to the total VO, is:
Subtract 0.5{ PA).., N o COz exchange is associated with these reactions.
The effect of net oxidation of pyruvate or lactate is interesting. Application of the above correction means that 0.5{PA} units will be added to the VO, for each unit of {PA} net uptake. The calculated rate of 'glucose oxidation' will then represent total flux (including any oxidation of pyruvate and lactate) through the pyruvate dehydrogenase reaction, the 'committed step' in complete oxidation of carbohydrate. Again, as has been shown for whole-body calculations, indirect calorimetry can measure only the net irreversible disposal of substrates.
Formulae for calculation of glucose and fatty acid oxidation once all corrections have been made to gaseous exchange
It is assumed that fatty acids rather than triacylglycerols are oxidized in tissues (other than liver, which is outside the scope of this review). A representative fatty acid in humans is the average of palmitic, stearic and oleic [I] . For simplicity here an 'average' of stearic acid (C18H3602) and oleic acid (C18H3402) will be considered; i.e. C18H3502.
The equation for complete oxidation of glucose is: The units for these calculations are discussed in Table 7 in the main text.
